We report on infrared (IR) spectromicroscopy of the electronic excitations in nanometer-thick accumulation layers in field-effect transistor (FET) devices based on poly(3-hexylthiophene). IR data allows us to explore the charge injection landscape and uncovers the critical role of the gate insulator in defining relevant length scales. This work demonstrates the unique potential of IR spectroscopy for the investigation of physical phenomena at the nanoscale occurring at the semiconductor−insulator interface in FET devices.
The field-effect transistor (FET) is a benchmark system for exploring the properties of a broad variety of materials as well as for exploiting their novel functionalities. Fundamentally, the electrostatic modulation of carrier density using the FET principle occurs at nanometer scales since the enhanced density of injected charges extends over only few nanometers within the active material. 1 The bottom contact FET devices (schematics in Figure 1 ) are particularly well suited for the studies of electrostatic doping of macroscopic samples of novel low-dimensional nanoscale systems 2 such as films of polymer chains, 3 nanotubes, 4 molecules, 5 and possibly even DNA bundles, 6 all of which can be easily deposited atop of patterned electrodes. So far, experimental studies of the above FET structures have been primarily limited to transport measurements. New insights into the dynamical properties of the injected carriers are expected from spectroscopic characterization of the electronic excitations in the accumulation layer. However, this is a challenging task given the fact that these layers are exceptionally thin, in the nanometer range. In this Letter, we demonstrate the capability of infrared (IR) spectroscopy to explore the electronic excitations in nanometer-thick accumulation layers in bottom-contact FET devices focusing on charge injection in poly(3-hexylthiophene) (P3HT) thin films. We have developed a platform that enables both IR spectroscopic and transport investigations of charge injection in the same device: an essential experimental step toward consistent analysis of transport and spectroscopic data. Earlier IR studies of charge injection in organic thin films have been reported only in metal-insulator-semiconductor structures, which are distinct from bottom-contact FET devices typically employed for transport studies. [7] [8] [9] We studied bottom-contact organic FET devices ( Figure  1 ) based on P3HT, a semiconducting polymer with exceptionally high mobility. 10 Devices employing a high dielectric constant (κ) insulator TiO 2 11 as well as SiO 2 12 were investigated. The goal of using a high-κ insulator is to increase the injected carrier density compared to SiO 2 -based devices.
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For either type of transistors we have succeeded in probing the electronic excitations in the nanometer-thick accumulation layer under applied fields exceeding 10 7 V/cm: a regime that has neVer been explored preViously in spectroscopic studies. An analysis of the oscillator strength of the spectroscopic signatures of charge injection allowed us to quantify the density of the injected carriers and examine its evolution with applied voltages. Using IR microscopy, we were able to monitor the spatial dependence of the injected charges in the active area of the device. Our results for the high-κ devices show significant departures from the behavior expected for an "ideal" FET 13 in which the charge density increases linearly with voltages and is uniform in the channel. This study uncovers the unique potential of IR spectroscopy for investigating the dynamical properties of the electronic excitations in FET structures.
Large area FET devices 14 (>1 cm 2 ) with gate insulator deposited on n-Si were investigated in this work. We employed two types of gate insulators: 200 nm thick SiO 2 and SiO 2 (6 nm)/TiO 2 (180 nm) bilayer; we will refer to the latter devices as "TiO 2 -based". The transport mobility of P3HT in our SiO 2 -based transistors 12 . The I-V curve for a typical TiO 2 -based FET is shown in the bottom panel of Figure 1 . In these FET devices, source and drain Au electrodes (with a spacing of 50-200 µm) were patterned on insulating oxides followed by the deposition of a 4-6 nm thick P3HT film. Figure 1 shows a cross section of the devices, whereas Figure 4d depicts a top view photograph of an actual device. The breakdown voltage of TiO 2 -based devices is about -35 to -45 V, and that of SiO 2 -based FETs exceeds -100 V. In bottom-contact FET devices, an applied gate voltage induces an accumulation layer 3, 15 in P3HT that forms the p-type conducting channel between the Au electrodes. This channel is not obscured by any other interfaces from above and is therefore well suited for the spectroscopic studies 14 of the accumulation layer in the polymer film from far-IR to near-IR with the latter cutoff imposed by the band gap of Si substrate. To examine the length scales associated with charge injection, we fabricated devices with a "V-shape" electrode pattern (Figure 4b ). We studied changes of transmission as a function of applied gate voltage V GS normalized by the transmission at V GS ) 0: T(ω,V GS )/T(ω,V GS )0). The source and drain electrodes were held at the same potential in most measurements. All the data reported here were recorded at room temperature with a spectral resolution of 4 cm -1 .
The absorption spectra ∆Rd ) 1 -T(V GS )/T(0 V) of TiO 2 -based devices are displayed in Figure 2 . Here ∆R is the change of the absorption coefficient of P3HT with applied voltage and d is the thickness of the accumulation layer. These spectra show two voltage-induced features: (i) sharp resonances in the 1000-1500 cm -1 region, and (ii) a broad band centered around 3500 cm -1 . A gradual development of these features with increasing gate voltage V GS suggests that they are intimately related to the formation of charge accumulation layer in P3HT. 16 This assignment is supported by earlier reports of similar changes of optical properties produced by photoexcitation, [17] [18] [19] chemical doping, 17, 18 or The green curve is a theoretical modeling of the experimental spectrum as detailed in the Supporting Information. (inset) ∆Rd spectrum for a representative TiO 2 -based device at V GS ) -30 V along with the data for chemically doped P3HT. 18 The latter is the difference spectrum between the absorption of chemically doped P3HT with 1 mol % PF 6 -and that of pure P3HT 18 scaled by a factor of 4 × 10 5 . All spectra uncover spectroscopic fingerprints of electrostatic doping: IRAV modes in the 1000-1500 cm -1 range and a polaron band at 3500 cm -1 . The oscillator strength of both the polaron band and the IRAV modes increases with gate voltage. The noise of the ∆Rd spectra is less than 10 -4 . electrostatic charge doping achieved by placing a P3HT film between semitransparent electrodes. [7] [8] [9] Sharp resonances in the 1000-1500 cm -1 range result from the IR active vibrational modes (IRAVs), i.e., Raman modes made IR active by distortions of the polymer backbone caused by the self-localized charges. 17 The frequencies of the IRAV modes are in excellent agreement with the vibrational resonances found in chemically doped P3HT (inset of Figure 2 ). The broad absorption band centered around 3500 cm -1 is usually ascribed to a midgap state of polaron or bipolaron associated with the local relaxation of the lattice around the doped charge. 17 Whether this absorption is due to polaron or bipolaron is still under investigation. 8, 18 We will refer to this broad absorption band as polaron for simplicity. Both the IRAV modes and the polaron band can be quantitatively described by the amplitude mode model 20, 21 of charge excitations in conjugated polymers. A theoretical fit of the experimental results based on this model is shown in Figure  2 . (See Supporting Information for details.) Similar features due to IRAV modes and polaron are also observed in SiO 2 -based devices as will be discussed in detail in an upcoming publication.
With the key spectroscopic signatures of charge injection in P3HT established for our open channel devices ( Figure  2 ), we now turn to the analysis of their oscillator strength. It is instructive to define the effective spectral weight as N eff ) ∫(∆Rd)dω, which is proportional to the two-dimensional (2D) density of the injected charges responsible for the absorption structure in our data. Notably, the polaron band and IRAV modes are well separated from each other in the spectra in Figure 2 , and therefore the oscillator strength of these two structures can be quantified by properly choosing the integration cutoffs. Figure 3 displays the spectral weight of the polaron band N eff P (integrated from 1450 to 6000 cm Below we show that valuable insights into the accumulation layer characteristics are provided by a survey of the spatial distribution of charge density in the FET devices using IR microscopy. We carried out a microscopic study of the excitations associated with the electrostatically doped charges in P3HT using the infrared beamlines at the Advanced Light Source (ALS) facility. With the focused beam of an IR microscope, we were able to record spectra similar to those displayed in Figure 2 from areas as small as 50-100 µm in diameter. The IR beam was scanned between the "V"-shaped electrodes (Figure 4b ) or in the corner of the electrodes in Figure 4d with simultaneous monitoring of the voltageinduced changes in the spectra. The frequency dependence of absorption spectra did not change appreciably throughout the entire device. We therefore focus on the spatial dependence of the integrated weight both of IRAVs and of the polaron band. In Figure 4a we plot the spectral weight of the IRAV modes of P3HT as a function of separation between the V-shaped electrodes l normalized by data at l ) 0: N eff IRAV (l)/N eff IRAV (l)0). TiO 2 -based FETs reveal a gradual decay of the injected charge density away from the electrodes that vanishes at length scales of about 500 µm. The decay of the injected carrier density in FETs with TiO 2 gate insulator is also evident in the 2D charge density profile N eff IRAV (x,y) shown in Figure 4c . Here N eff IRAV (x,y) vanishes at distances beyond 500-600 µm away from the electrodes in accord with the data for V-shaped structures. On the contrary, FET structures with SiO 2 gate insulator show no change of carrier density at least up to 1.6 mm away from the contacts limited only by the physical dimensions of our devices. This latter result verifies that in SiO 2 -based FETs a uniform equipotential layer is formed consistent with the notion of an "ideal" field-effect transistor. 13 The charge injection landscape was also explored by imaging the polaron absorption with a spatial resolution of 3 µm in a setup based on synchrotron source at the ALS. These fine resolution results are identical to those inferred from IRAV modes: a gradual decrease of N eff P in TiO 2 -based devices and no measurable decrease of N eff P in SiO 2 -based structures. Neither result significantly depends on the biasing voltage. To the best of our knowledge, this is the first spatially resolved IR imaging of the injected charges in FETs.
The saturation behavior (Figure 3 ) of the spectral weight of localized excitations, i.e., N eff P (V GS ) and N eff IRAV (V GS ), may be indicative of the precursor to the insulator-to-metal transition in conjugated polymers 22, 23 at high carrier density. In the vicinity of the metallic state, the injected charges acquire more extended character in direct competition with the formation of IRAV or polaronic resonances. However, this intriguing interpretation has to be critically examined since several other factors can in principle mimic the saturated or nonlinear voltage dependence of the localized modes, such as the high leakage currents exceeding one hundred microamperes at high voltages observed in TiO 2 -based FETs. A gradual decay of charge density in the accumulation layer in TiO 2 -based FETs revealed by IR imaging experiments probably originates from the imperfections of the gate dielectric/polymer interface as well as high leakage currents. Naturally, charges that are either trapped at the insulator/polymer interface or leak through the insulator do not contribute to the oscillator strength of the features in the absorption spectra. Therefore injected charges are registered in our imaging studies only after they exhaust all potential leakage paths through the insulator and traps at the polymer/insulator interface. The length scale limiting propagation of charges away from the injection contacts naturally follows as a result of competition between the channel resistance and the leakage resistance of the gate insulator. 24 These IR microscopy results indicate that the saturation of the oscillator strength of localized excitations at high V GS biases is extrinsic and originates from the limitations of TiO 2 gate insulator.
In summary, IR spectroscopy investigations of the electronic excitations in a nanometer thick accumulation layer, i.e., IRAV modes and polarons, have been carried out in P3HT thin film FET devices. We show that the unconventional behavior in TiO 2 -based FETs is due to the limitations of the TiO 2 gate insulator. Our work has demonstrated that IR spectroscopy is a unique technique for the study of charge injection in macroscopic samples of nanometer-scale materials in bottom-contact FET devices. Instrumental innovations reported here uncover the potential of IR spectromicroscopy for the investigation of both IRAV modes and polarons, which are of fundamental importance for the understanding of charge transport in other materials as well, such as DNA. 6 
